This study identified the structural proteins of two badnavirus species, Banana streak MY virus (BSMYV) and Banana streak OL virus (BSOLV), and mapped the distribution of continuous B-cell epitopes. Two different capsid protein (CP) isoforms of about 44 and 40 kDa (CP1 and CP2) and the virion-associated protein (VAP) were consistently associated with purified virions. For both viral species, the N terminus of CP2 was successfully sequenced by Edman degradation but that of CP1 was chemically blocked. De novo peptide sequencing of tryptic digests suggested that CP1 and CP2 derive from the same region of the P3 polyprotein but differ in the length of either the N or the C terminus. A three-dimensional model of the BSMYV-CP was constructed, which showed that the CP is a multi-domain structure, containing homologues of the retroviral capsid and nucleocapsid proteins, as well as a third, intrinsically disordered protein region at the N terminus, henceforth called the NID domain. Using the Pepscan approach, the immunodominant continuous epitopes were mapped to the NID domain for five different species of banana streak virus. Antipeptide antibodies raised against these epitopes in BSMYV were successfully used for detection of native virions and denatured CPs in serological assays. Immunoelectron microscopy analysis of the virion surface using the anti-peptide antibodies confirmed that the NID domain is exposed on the surface of virions, and that the difference in mass of the two CP isoforms is due to variation in length of the NID domain.
INTRODUCTION
The Caulimoviridae is the only family of viruses in the plant kingdom with a dsDNA genome and has a recent common ancestry with the Metaviridae and Retroviridae (King et al., 2012; Xiong & Eickbush, 1990) . These viruses possess a conserved core replicon comprising genes for one or more capsid proteins (CPs) (alternatively called 'group-specific antigen', or gag, in retroviruses), an aspartic protease (AP) enzyme and a reverse transcriptase (RT) enzyme containing a ribonuclease H1 (RH1) domain (King et al., 2012) . The genus Badnavirus is overwhelmingly the largest of the eight recognized genera in the family Caulimoviridae, with nearly twice the number of species as the combined total of all other genera (Virus Taxonomy: 2015 Release, www.ictvonline.org). Badnaviruses are particularly prominent in tropical regions; at least nine different badnavirus species are known to infect banana (Musa spp.), two of the most widely distributed being Banana streak MY virus (BSMYV) and Banana streak OL virus (BSOLV) Harper & Hull, 1998) .
Badnaviruses have bacilliform-shaped virions, of 30Â130-150 nm, and a circular, non-covalently closed, dsDNA genome of 7.2-9.2 kbp (King et al., 2012) . The badnavirus genome has three ORFs that are all present in the plus strand: ORF1 encodes a protein of unknown function (protein P1); ORF2, the virion-associated protein (VAP; protein P2); and ORF3, a P3 polyprotein that contains the precursors of the movement protein (MP), CP, AP and RT-RH1. By inference from better studied members of the Caulimoviridae and Retroviridae, it is thought that the AP autocleaves from the P3 polyprotein and then processes the other precursors to give rise to the mature proteins (Debouck et al., 1987; Laco & Beachy, 1994) . The AP substrate sites have not been determined for any badnavirus species, and these cannot be predicted through searches for conserved amino acid sequence motifs, as substrate shape is probably the most important factor affecting the specificity of recognition for the retroviral aspartic protease protein family (Marmey et al., 2005; Prabu-Jeyabalan et al., 2002; Tözs er, 2010) .
The mature virion of Commelina yellow mottle virus (ComYMV), the type species of the genus Badnavirus, contains two types of protein, namely the CP and the VAP (Cheng et al., 1996) . Additionally, the immature virion is thought to contain the P1 protein, although it is undetectable after chloroform treatment, perhaps because of selective disruption of the immature virions (Cheng et al., 1996) . For Cauliflower mosaic virus (CaMV), the type species of the family Caulimoviridae, the VAP is non-essential for virion morphogenesis (Kobayashi et al., 2002) and is non-dectectable in purified virions but, when added, decorates the virion surface in a stoichiometric ratio of 1 : 1 with the capsomers. This VAP has two antiparallel coiled-coil domains at its N terminus and self-associates to form dimers, which then assemble to form a triskelion structure cementing three hexavalent or pentavalent capsomers together (Hoh et al., 2010; Plisson et al., 2005) . The C terminus of this VAP has a nucleic acid binding domain (Jacquot et al., 1996 (Jacquot et al., , 1997 Mougeot et al., 1993) and penetrates through pores between the capsomers and is thought to associate with the genomic DNA. The CaMV VAP is multifunctional, as it also interacts with the P2 protein to form a molecular bridge between the virion and the stylet of its aphid vector (Martini ere et al., 2013) , and facilitates cell-to-cell movement (Stavolone et al., 2005) .
Among the Caulimoviridae, a general observation is the presence of two or three differently sized CP isoforms in purified virion preparations (Cheng et al., 1996; Leclerc et al., 1999; Marmey et al., 1999; Qu et al., 1991; Vo et al., 2015) . Marmey et al. (1999) concluded that the smaller of the two CP isoforms of Rice tungro bacilliform virus (RTBV) was a degradation product of the larger isoform, as it was only present in purified virion preparations and not in infected leaf extracts, although this result was contradicted by Hay et al. (1994) . A possible explanation for this contradiction was provided by Cheng et al. (1996) , who found that the smaller CP of ComYMV, which is closely related to RTBV, was undetectable in newly emerged, systemically infected leaves but became more abundant as the leaf aged. For CaMV, targeted degradation of the acidic N terminus does occur during virion maturation, and this cleavage allows the virion to be trafficked to the nuclear pore where disassembly occurs and genome replication begins (Champagne et al., 2004; Karsies et al., 2001 ).
Other than the aforementioned work on ComYMV, the structural proteins of badnaviruses are poorly characterized, probably due to the technical difficulties associated with working with these viruses. There are also worldwide shortages or absences of antisera to nearly every badnavirus species. In this study, the structural proteins of BSMYV and BSOLV have been characterized using a combination of proteomics and bioinformatics approaches. The locations of continuous B-cell epitopes on these proteins have then been identified by functional epitope mapping and chemically synthesized peptides mimicking these epitopes have been demonstrated to be strong immunogens. Finally, empirical support for a three-dimensional (3D) CP model has been provided by probing the virion with antibodies made to peptides containing the epitopes.
RESULTS

Identification of the capsid and virion-associated proteins
Using RaptorX, the region of the BSMYV P3 polyprotein spanning amino acid residues E 499 -E 698 was predicted (Evalue=2.3Â10
À9
) to belong to the retrovirus Gag P30 core shell protein family (Pfam: PF02093). The same domain was identified in the BSOLV P3 polyprotein, spanning E 472 -E 671 . In this and a previous study, protein doublets in the size range of 40-44 kDa were detected when purified preparations of BSMYV and BSOLV were analysed by SDS-PAGE, although the quantities of the larger protein did vary between experiments and was sometimes difficult to detect ( Fig. 1 ; Vo et al., 2015) . These proteins were hypothesized to be different isoforms of the CP, hereafter referred to as CP1 (large) and CP2 (small). To identify these proteins, peptide fragments obtained by trypsin digestion were sequenced by tandem MS and all peptide fragments were matched six to nine sequence blocks that were Nterminal of the zinc finger motif in the P3 polyprotein (Fig. 2) . Furthermore, the array of sequenced peptides for CP1 was virtually identical to that of CP2, indicating that they derive from the same part of the P3 polyprotein but differ in mass due to differences in length of either the N or the C terminus. An additional protein of about 15-18 kDa was clearly visible in fresh virion preparations (Fig. 1) which was identified to be the VAP using the same methods (Fig. 2) .
For both BSV species, the CP1 had a blocked N terminus, preventing Edman degradation sequencing. However, the N terminus of the CP2 isoform was determined to be S 481 TAPD and S 426 YRPPD for BSMYV and BSOLV, respectively. Interestingly, the N terminus of the BSMYV CP2 mapped to almost the same position as that of RTBV relative to the N terminus of the Gag-p30 domain (Fig. S1 , available in the online Supplementary Material).
3D modelling and structural analysis of the BSMYV CP When using I-TASSER for 3D modelling, it first attempts to retrieve template proteins of similar folds (or super-secondary structures) from the Protein Data Bank (PDB) by LOMETS threading. During this initial threading stage, the putative nucleic acid binding domain of the BSMYV CP2 (K 755 -E 797 ), which contains a zinc finger motif, aligned with the nucleocapsid (NC) protein of several retroviruses (i.e. pdb templates: 1a1t, 1aaf, 2ec7, 1a6b, 1u6p, 2ihx) . A second domain (P 504 -R 716 ) comprising ten consecutive a-helices, also aligned with the capsid (CA) protein of several retroviruses (i.e. pdb: 3gv2, 3h47, 2eia, 3tir and 1l6n) and the myosin V cargo binding domain of Saccharomyces cerevisiae (pdb: 2f6h). Apart from the retroviral gag homologues, structural templates of other non-structural proteins (e.g. catalytic or regulatory proteins) such as a region of intersectin (pdb: 1ki1), sulfotransferase (pdb: 4gbm), DNA polymerase (pdb: 1ih7) and acid phosphatase (pdb: 1qfx) were among the top ten templates integrated by I-TASSER to build the 3D structural prototypes of the entire CP2. These domain matching templates had normalized Zscores of >1.1, suggesting good-quality alignments (Roy et al., 2010) .
Five models were generated for the CP2 and all had Cscores within the normal range of À5 to 2 (Roy et al., 2010) . A C-score greater than À1.5 indicates the probability that the model prediction is correct is greater than 90 % (Roy et al., 2010) but no model met this stringent criterion. However, when the structural predictions were limited to either the CA or the NC domain, scores of À1.92 and À1.0, respectively, were obtained (data not shown).
Two intrinsically disordered protein regions (IDPRs) were identified in the CP2, which could explain some of the difficulties in modelling the entire protein (Fig. 3) . The Nterminal intrinsically disordered (NID) domain contains a high frequency of alanine, proline and serine and although the former two amino acids possess hydrophobic side chains, the domain is overall hydrophilic in nature, suggesting that it protrudes from the surface of the virion. Two putative casein kinase type II (CKII) phosphorylation sites,
LGS 482 TAPD and KWK 496 SPTE, and a protein kinase C phosphorylation site, KG 491 SFK, were present in the NID domain. The second, lysine-rich (basic) IDPR was at the front of the zinc finger motif in the NC domain, and contained a putative nuclear localization signal (Fig. 3) . The overall structural prediction and analysis showed that the BSV CP is a multi-domain structure containing the protruding NID domain, and homologues of the retroviral CA and NC proteins (Fig. 4) .
The arrangement of secondary structural elements in the BSMYV CP is shared by other viruses in the Caulimoviridae such as BSOLV and RTBV (Fig. S2 ). The CaMV CA domain differs only through the presence of an extra a-helix at the C terminus. No acidic spacer sequence could be found between the CA and NC domains (Fig. 4) , as occurs for members of the Metaviridae (Sandmeyer & Clemens, 2010) .
Distribution of continuous epitopes
When the BSMYV CP peptide library was probed with the JVQ IgGs in the Pepscan assay, eight statistically significant (P<0.05) absorbance peaks were observed, each representing a continuous B-cell epitope (Fig. 5 ). The two largest peaks were in the NID domain, and corresponded to peptides P4-5 [E1] and P9-10 [E2]. Peptide 18 [E3] represented the apex of the third highest peak, and straddled the boundary between the NID and CA domains, with the five C-terminal residues (A 512 MFVM) predicted to form part of a b-strand that is buried inside the CP (Fig. 5) . The remaining absorbance peaks (peptides P25-
, which mapped to either the CA or the NC domains, were relatively minor in scale compared to those in the NID domain and therefore were not considered in later investigations. Interestingly, epitope E1 mapped to a region of the protein that Helix-residues Strand-residues Coil-residues Fig. 3 . Disorder profiles for the capsid proteins (CPs) of (a) BSMYV and (b) BSOLV. DISOPRED2 was used to predict protein disorder with a false positive rate threshold of 2 %. NID is the abbreviation for N-terminal intrinsically disordered domain; CA, the capsid domain and NC, the nucleocapsid domain. The positions and sequences of putative nuclear localization signals (NLS) in the NC domains, as predicted using NLStradamus (threshold set at 0.6), are also shown. was upstream of the N terminus of the CP2 isoform, suggesting that the additional size of the CP1 isoform was due to an extension of the NID domain.
Pepscan profiles were also generated for the CPs of BSOLV, Banana streak GF virus (BSGFV), Banana streak IM virus (BSIMV) and Banana streak CA virus (BSCAV) but using a reduced repertoire of peptides covering only the NID domain and the N terminus of the CA domain. Homologous antisera were unavailable for these BSV species, but instead, the peptides were probed with IgGs from the PMxR2-2C antiserum, which was made against a mixture of uncharacterized badnavirus isolates from 32 sugarcane cultivars and banana cv. Mysore, and is known to cross-react with at least five serotypes of BSV (Ndowora & Lockhart, 2000) . As with the BSMYV CP, highly reactive continuous epitopes were identified in the NID domains of these BSV species (Fig. S3 ).
The contribution of the VAP to the antigenic profile of BSMYV was also investigated using the JVQ1 IgGs. Antibodies that recognized most peptides were present in the seroconverted serum but peptide VAP [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] (LTRQLNTLIYSVVKIK) had a significantly higher absorbance value than the others (Fig. S4) . However, the titre of cross-reacting antibodies was much lower than with the three N-terminal epitopes on the CP. VAP 41-56 mapped to the second of four a-helices of the predicted secondary structure of the VAP.
Finally, the results obtained by Pepscan analysis of the BSMYV CP were compared with those obtained using BepiPred 1.0, a program that predicts the location of continuous B-cell epitopes using a combination of a hidden Markov model and a propensity scale method. Overall, there was a good correlation between the in silico predictions and the empirical results, and most importantly, the highest scoring epitopes were in the NID domain (Fig. 5) .
Immunogenicity of synthetic peptides mimicking the CP epitopes Peptides P5, P10 and P18 from the NID domain of the BSMYV CP (Fig. 5 , Table S1 ) were considered the best candidates to be immunogenic and capable of producing 
E1
E2 E3 antibodies that recognize their cognate epitopes on the native antigen. The reactivity of the antibodies to their corresponding synthetic peptides was tested by plate-trapped antigen (PTA) ELISA by the manufacturer and each had a similar titre, >1 : 64 000 (data not shown). In PTA ELISA and Western blot assay using crude virion extracts (virus minipreps) as antigen, the anti-P5 and anti-P10 antibodies successfully recognized BSMYV, but the anti-P18 antibodies did not (Fig. 6 ). Negligible reactions were observed with minipreps of healthy banana tissue.
As expected, both CP isoforms were detected by Western blot assay using the anti-P10 antibodies, reflecting the fact that nine of the amino acid residues within the P10 peptide correspond to the N terminus of the CP2. An unexpected result was that the anti-P5 antibodies crossreacted with the CP2 in Western blot assay, as the P5 peptide sequence is hypothesized to be present only in the extended NID domain of CP1. However, when peptides 5 and 10 were chemically conjugated to the carrier protein BSA, and analysed by Western blot assay, the anti-P5 antibodies cross-reacted with both the P5 and the P10 peptide-BSA conjugates but not with pure BSA, whereas the anti-P10 antibodies only reacted with its homologous peptide-BSA conjugate (Fig. S5) . This crossreactivity of anti-P5 antibody to the P10 peptide in Western blot was not evident in double antibody sandwich (DAS) ELISA, suggesting that the Western blot results were due to a conformational effect from the denaturing conditions of SDS-PAGE.
A small number of proteins that were both larger and smaller in mass than the CPs were detected by Western blot assay using the anti-peptide antibodies and a virtually identical protein profile was detected with the JVQ1 antibodies that were prepared against whole virions. It is hypothesized that the larger proteins are P3 polyprotein processing intermediates (Cheng et al., 1996; Vo et al., 2015) and the smaller proteins may be degradation products.
To further examine the hypothesis that the NID domain is surface-exposed, antibody decoration tests were done. Strong decoration of the virion was observed using both the anti-P5 and the anti-P10 antibodies at intensities equivalent to that observed with the JVQ1 antibodies (Fig. 7) . Since the CP N-terminal domain is the most variable region . For the negative control, a leaf extract from healthy banana was used. Each data point represents the mean absorbance value at 405 nm (A 405 ) of three replicates, after 35 min of substrate incubation at 37 C.
among BSVs based on protein sequence analysis, it was expected that functional epitopes identified at the extreme N-terminal sequence of the BSV CP give rise to species-specific anti-peptide antibodies. The anti-peptide antibodies only detected the BSMYV CPs but not those from BSOLV, BSIMV or BSGFV in a Western blot assay (data not shown).
DISCUSSION
In this study, we have characterized the structural proteins of BSMYV and BSOLV and mapped the location of continuous epitopes on the CP of these and three other BSV species. The CP core structural domains were modelled with a high level of confidence, but the complete CP with relatively less confidence, due to the presence of IDPRs in the NID and NC domains. IDPRs cannot be adequately described by a single equilibrium 3D structure (Tompa & Fuxreiter, 2008; Uversky, 2013) . Rather, according to the 'induced-fit' hypothesis, the structure of IDPRs is malleable and dependent on the shape of the interacting protein molecule or ligand (Dyson & Wright, 2005; Uversky, 2013) . IDPRs have structural heterogeneity and this conformational plasticity endows them with a greater potential for multi-functionality. When compared to ordered protein regions, IDPRs interact more rapidly with partner molecules, are efficiently regulated by targeted degradation or proteolysis, have a high accessibility of sites for post-translational modification, and have the ability to bind to several structurally diverse partners, with which they often form specific but weak complexes, favouring a regulatory function (Uversky, 2013) .
Two major CP isoforms were detected, which derive from the same region of the P3 polyprotein but differ in length of either the N or the C terminus (Cheng et al., 1996; Leclerc et al., 1999; Qu et al., 1991) . The N terminus of the larger CP isoform could not be sequenced as the protein appeared to be chemically blocked, a problem previously experienced with CaMV, RTBV and Soybean chlorotic mottle virus (Marmey et al., 1999; Martinez-Izquierdo & Hohn, 1987; Takemoto & Hibi, 2001 ). However, from the epitope mapping experiments, together with antibody decoration tests done using anti-peptide antibodies, it can be concluded that the differences in mass are due to variation in length of the NID domain. We hypothesize that the two CP isoforms are naturally occurring as a consequence of the presence of alternative aspartic protease cleavage sites or because of targeted degradation of the N terminus rather than because of proteolysis during purification. The two isoforms may play different roles during the replication cycle, such as regulating the partitioning of the CP between sites of virion assembly in the cytoplasm and disassembly at the nuclear pore (Karsies et al., 2001 . Two putative CKII phosphorylation sites were identified in the extended 27 aa N terminus of the CP1 isoform. CaMV has three serine residues in the acidic terminus of the CP precursor that are phosphorylated by a CKII enzyme, and mutation of all three residues abolishes infectivity (Chapdelaine et al., 2002) . A favoured hypothesis is that phosphorylation regulates the RNA or DNA binding activity of the CP precursor, which allows the specific packaging of the RNA pregenome to form the reverse transcription complex (Guerra-Peraza et al., 2000) .
A second basic IDPR was identified in the N-terminal side of the zinc finger motif of the BSV CP and contains a putative nuclear localization signal (Fig. 3) . The homologous region of the RTBV CP contains a functional nuclear localization signal (NLS) and an importin a binding motif (Martinez-Izquierdo & Hohn, 1987) , suggesting similarities between RTBV and badnaviruses in the mechanism of transport of the virus genome into the nucleus. This basic IDPR is also likely to be a determinant of the specificity of interaction between the CP and a putative encapsidation signal at the top of the hairpin in the pregenomic RNA leader Guerra-Peraza et al., 2000) .
Using the Pepscan method (Geysen et al., 1984) , highly reactive epitopes were identified in the NID domain of the five BSV species that were examined. The fact that this domain is a major antigenic determinant for the viruses is concordant with theory on epitope structure, as 85 % of well-characterized epitopes that are described in the scientific literature have a linear stretch of five or more residues and the epitopes are mainly found in surface-exposed or protruding regions of the protein (Kringelum et al., 2013) . Of the three reactive N-terminal epitopes that were identified, two were successfully used to produce anti-peptide antibodies that were capable of Characterization of the BSV structural proteins binding their cognate peptide fragments in the CP in Western blot and antibody decoration assays. Furthermore, these antibodies were efficiently used as detecting antibodies in double sandwich ELISA (data not shown). The anti-peptide antibodies to the third epitope, E3, were poorly reactive with the CP in these same assays. In the 3D structural model of the BSMYV CP, epitope E3 was partially buried in the protein. The identification of this epitope could be explained by the anti-BSMYV polyclonal antiserum containing a population of IgGs that have been produced in response to parts of the CP being exposed by processing of the antigen in the immunized rabbit. Alternatively, the poor immunogenicity of the linear peptide may be due to the fact that it only partially mimics the epitope present in the CP.
Empirical methods for epitope identification are both expensive and not particularly feasible for viruses that occur in remote regions, such as some of the BSV species that are restricted to central Africa (Harper et al., 2005) . Using a combination of bioinformatics methods such as DISOPRED2 to identify the NID domain on the CP, and BepiPred to predict continuous B-cell epitopes, it would be possible to identify immunogenic peptides to make antisera, while only having the conceptual amino acid sequence at hand. Ultimately, peptides mimicking viral epitopes could provide an unlimited source of homologous immunogens for the production of peptide-based immunodiagnostic reagents, particularly when the antigen is difficult to obtain or purify.
In summary, we have defined and characterized the structural proteins of BSMYV and BSOLV for the first time. These results will have an applied outcome by providing information that could be used to more rapidly and efficiently develop immunodiagnostic reagents, as well as providing a structural model of the CP that will help better understand how the virus regulates its replication and interacts with its cellular environment and insect vectors. The identified epitopes were useful for verifying the computationally predicted structure of BSMYV CP. Finally, our investigation presages future applications of the anti-peptide antibodies for the development of a range of serological assays for badnaviruses in general.
METHODS
Virus isolates and purification methods. BSMYV and BSOLV were maintained in Musa spp. cv. Mysore (AAB Group) and TMBÂ hybrid (AAB group) plants, respectively, grown in an irrigated field plot in Brisbane, Australia.
Virus purifications and minipreps (small-scale, crude virus extracts) were done as described previously (Vo et al., 2015) . As a proxy for virion concentration, total proteins were quantified using a Quant-iT Protein Assay Kit and a Qubit Fluorometer (Life Technologies) according to the manufacturer's protocol.
Antisera and immunoglobulins. The JVQ1 rabbit polyclonal antiserum, prepared against purified BSMYV, was as described by Vo et al. (2015) . Purified IgGs from the PMx-R2-2C antiserum (Ndowora & Lockhart, 2000) were kindly provided by B. E. L. Lockhart, The University of Minnesota. To generate anti-peptide antisera, synthetic peptides that were conjugated to keyhole limpet haemocyanin (KLH) protein via an additional N-terminal cysteine residue and a maleimidocaproyl-N-hydroxysuccinimide linker were prepared by Mimotopes Pty. The peptides were mixed with adjuvant in equal ratios and injected into a rabbit via subcutaneous and intramuscular routes at days 0 and 14 (complete Freund's adjuvant), followed by another five boosts, 7 days apart, with incomplete Freund's adjuvant; serum samples were taken on day 64. Unless otherwise indicated, IgG antibodies from all antisera were purified using a Melon Gel IgG Purification Kit (ThermoFisher Scientific).
SDS-PAGE. SDS-PAGE was done using a NuPage Novex 4-12 % BisTris pre-cast gel (ThermoFisher Scientific) as per the manufacturer's instructions.
Protein sequencing. De novo peptide and N-terminal sequencing were outsourced to Proteomics International. Protein bands were excised following separation on a NuPAGE 4-12 % Bis-Tris gel and staining with SimplyBlue Safe Stain (Life Technologies), destained in water, trypsin-digested and analysed on a 4800 MALDI TOF/TOF Analyzer following the method of Bringans et al. (2008) . MASCOT sequence matching software (Matrix Science) was used to search the Ludwig Institute NR (non-redundant) protein sequence database. For de novo sequence analysis, peptide mass spectra were interpreted using PEAKS 4.5 (Bioinformatics Solutions). For N-terminal sequencing, proteins were electro-blotted onto an Immobilon-PSQ PVDF membrane (Millipore) using an iBlot Transfer Device. Automated Edman Degradation was done using a Model 494 Procise Protein/Peptide Sequencing System (Applied Biosystems).
Protein modelling. RaptorX (K€ allberg et al., 2012) , PSIPRED (McGuffin et al., 2000) , DISOPRED2 (Ward et al., 2004a, b) and NLStradamus (Nguyen Ba et al., 2009) were used to predict conserved domains, protein folds, intrinsically disordered regions and the presence of nuclear localization signals, respectively. Multiple secondary structure alignments were done using PROMALS3-D (Pei et al., 2008) . Robetta (Kim et al., 2004) and Threadom (Xue et al., 2013) were used for full chain protein structural prediction and protein domain boundary prediction, respectively. Then, I-TASSER, a software package that uses a combinatorial approach of comparative modelling, LOMETS threading (model building based on solved protein structures) and ab initio modelling, was used to construct 3D models of the BSMYV CP (Roy et al., 2010; Roy & Zhang, 2001) . Empirically determined epitopes were visualized on the 3D protein model using UCSF Chimera v1.7 (Pettersen et al., 2004) . Continuous B-cell epitopes were predicted using BepiPred 1.0 (Larsen et al., 2006) .
Pepscan assays. Libraries of overlapping peptides, each 16 aa residues long and offset by 4 aa residues, were designed to span the entire CP and VAP of BSMYV and the N termini of the CPs of BSOLV, BSGFV, BSIMV and BSCAV (Table S1 ). The peptides were synthesized by Mimotopes and each had a free acid (-OH) at the carboxyl terminus and a hydrophilic tetrapeptide spacer (SGSG) at the amino terminus that was coupled to a biotin molecule. The lyophilized peptides were dissolved and diluted to the working concentration in acetic acid and acetonitrile according to Mimotopes' PepSets Technical Note.
Epitopes were identified using the screening method of Heuzenroeder et al. (2008) with minor modifications. Streptavidin-coated ELISA plates (Mimotopes) were first washed three times with PBS containing 0.1 % Tween 20 (PBS-T) and blocked with 200 µl of 2 % BSA in PBS-T for 2 h at room temperature. Approximately 30 pmol of biotinylated peptide in PBS-T+0.1 % BSA was then added to each well and incubated for 1 h at room temperature with gentle shaking. After three washes with PBS-T, 100 µl of either 0.15 µg ml À1 of JVQ1 or 0.5 µg ml À1 of PMxR2-2C IgGs was added and incubated overnight at 4 C. The plates were then washed with PBS-T as before and bound antibody was detected by the addition of 100 µl goat anti-rabbit IgG alkaline phosphatase-conjugated antibody (Sigma-Aldrich) diluted 1 : 10 000 in PBS-T+0.1 % BSA. Finally, after three washes each with PBS-T and then PBS, 100 µl of 1 mg ml À1 p-nitrophenyl phosphate in 10 mM diethanolamine (pH 9.5) was added, incubated at room temperature and A 405 measured using a Multiskan EX microplate reader (ThermoFisher Scientific). Preimmune (naïve) IgGs from the JVQ1 rabbit were used as a negative control and each peptide set was tested in triplicate.
The significance of differences in A 405 between seroconverted and preimmune IgGs was assessed using a linear mixed effects model of the form:
where y ijkl are the observed log e (A 405 ) values; is the grand mean; b i is the average effect of the ith plate (i=1, 2, 3) and is normally distributed with a mean of zero and variance of s 2 b ; a is the average effect of the jth peptide (j=1, …, 83); b k is the effect of the IgG treatment (k=1, 2); (ab) jk is the interactive effect of the jth peptide with the kth IgG treatment; and " ijkl is the experimental error, which is normally distributed with a mean of zero and a variance of s 2 ". The above model was fitted using the 'nlme' package for R version 2.15 (Pinheiro et al., 2011) .
The interactive effect (ab) jk is the term that explains whether there is a significant difference in log e (absorbance) between pre-immune and post-immune sera for each of the 83 peptides. After undertaking the linear mixed effects model for the three sets of data, the interactions between the pre-and post-immune rabbit antisera and peptide factors were examined to see whether these terms were significantly different from zero.
Anti-peptide antibody assays. For PTA ELISA, virus minipreps of BSMYV-infected leaf tissue and of equivalent quantities of healthy leaf tissue were diluted in 0.05 M sodium carbonate (pH 9.6) to a concentration of 10 µg protein ml
À1
, then 100 µl aliquots were added to a Maxisorp flat-bottom 96-well microtitre plate (Nunc) and incubated at room temperature for 2 h. Wells were blocked with 100 µl of 2 % skimmed milk in PBS for at least 2 h. Two-fold serial dilutions of anti-peptide IgGs were made in PBS-T, starting at 20 µg ml
, and 100 µl aliquots were added to each well and incubated for 2 h at room temperature, followed by addition of 100 µl of a 1 : 20 000 (v/v) dilution of alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma-Aldrich) in PBS-T-+0.5 % skimmed milk, for the same period. Antibody detection steps were as described previously for the PepScan assays. After each incubation step, the plate was washed three times for 3 min each with PBS-T. All samples were tested in triplicate and the threshold of detection considered to be twice the mean absorbance value of the healthy samples.
Western blots were done as described by Vo et al. (2015) , except the blotted proteins were detected using antibody-alkaline phosphatase conjugates prepared using a Lightning-Link Alkaline Phosphatase Labelling kit (Innova Biosciences) as per the manufacturer's instructions. ISEM (immunosorbent electron microscopy) and antibody decoration were done as described by Vo et al. (2015) .
To test the specificity of the anti-peptide antibodies, the peptides were resynthesized with a single cysteine residue at the N terminus and crosslinked to BSA (Sigma-Aldrich) using sulfo-SMCC (Thermo Scientific) as follows. A BSA solution at 10 mg ml À1 in conjugation buffer (PBS, 5 mM EDTA, pH 7.0) was mixed at a ratio of 1 : 5 (w/w) with sulfo-SMCC dissolved in DMSO. The mixture was incubated at 25 C for 60 min and then dialysed in a 10 kDa bag overnight at 4 C in conjugation buffer. One milligram of peptide was then dissolved in 125 µl conjugation buffer containing 5 mM TCEP (Tris(2-carboxyethyl)phosphine), the solution adjusted to pH 7.0 and left at room temperature for 30 min. Then, 35 µl of the peptide solution was mixed with 200 µl of BSA-SMCC solution (4 mg ml
) and incubated at 25 C for 4 h for conjugation. Finally, PBS solution was added to a final volume of 800 µl. SDS-PAGE and Western blots were done as described before, using a 10 µl aliquot of BSA-peptide conjugate for analysis. DAS ELISAs of BSA-peptide conjugates were done using standard methods (Clark & Adams, 1977) and the JVQ1 antibodies at a concentration of 6 µg ml À1 for coating the wells and the aforementioned antibody-AP conjugates for detection.
